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augmented reef complexity to improve future resilience.
Introduction
Under natural conditions, it is likely that D. antillarum is afforded a degree of 74 environmental protection from predation by the complex structure of the reef (Ogden et al. 75 1973). However, individuals living on flattened contemporary Caribbean reefs with low 76 percent cover of hard coral are likely to be more heavily reliant on direct predator avoidance 77 behaviours; a role fulfilled by movement of their longest spines which have defensive barbs 78 directed towards the distal end (Randall et al. 1964) . Here, D. antillarum predator avoidance 79 behaviour (PAB) is defined as the percentage of long predatory spines that move in response 80 to a shadow stimulus. Decreases in light intensity, indicating the potential presence of a 81 predator, evoke an excitatory response in the spines, making the individual hard to capture 82 (Millott and Yoshida 1960a) . However, PAB has an energetic cost and should be reduced in 83 the absence of a predation threat (Millott and Yoshida 1960b) , therefore increases in light 84 intensity have an inhibitory effect on spine movement (Millott and Yoshida 1960a) . 85 The underlying physiological mechanism for this behaviour is well understood: a 86 layer of melanin-containing photosensitive melanophores, which give D. antillarum its 87 characteristic black colouration, surrounds the test and enables changes in the light 88 environment to be detected (Millott 1954; Millott and Yoshida 1959) . This photic response is 89 a direct result of interactions between light and the melanophore, as light stimuli cause
Materials and Methods

123
Study sites 124 Data were collected on the Honduran island of Utila and nearby mainland reef system 125 of Banco Capiro located within Tela Bay (fig 1) . Full details of study sites can be found in 126 Bodmer et al 2015. Banco Capiro (fig 2) has a mean scleractinian coral cover of 62%, which 127 creates a structurally complex habitat that supports one of the highest contemporary D. 128 antillarum population densities ever recorded. Utila (fig 3) , by contrast, is a typical 129 'flattened' Caribbean reef system with low percentage scleractinian coral cover (15-20%) and 130 consequently structural complexity is 25% less than at Banco Capiro (Bodmer et al 2015) .
131
Crucially, the abundance of key D. antillarum predators is similar between these two sites 132 (Bodmer et al. 2015 (RCPs) are modelled on assumptions of socio-economic activity that are used to predict the extent of GHG accumulation in 2100, and they have been designed to represent a range of possible future climate change scenarios (table 1) . test diameter <20mm (Randall et al. 1964) . Four D. antillarum individuals were collected 153 each day by a combination of snorkelling and SCUBA, and trials conducted on the same day.
154
All individuals were returned alive to the reef within 24 hours of collection.
155
Pseudoreplication was avoided by collecting from a different sub-site each day. When 156 removing individuals from the reef, care was taken to ensure that minimal damage was 157 caused to the spines and test. Once an individual was located, a 50cm length of PVC pipe 158 (outside diameter = 2.6cm) was used to coerce them into the open. The PVC pipe was then 159 used to lift the individual off the reef and into a container for safe storage.
160
On returning to the laboratory, individuals were placed in to a 200L plastic holding 161 tank where they were allowed to acclimatise for a minimum of 8 hours before trials were 162 conducted. This short acclimatisation period was chosen to minimise stress and maximise 163 survivorship to reduce adverse effects on populations of this key reef herbivore. Thus our 164 trials tested the shock responses of D. antillarum to increased water temperature, and did not 165 account for the possibility of potential short or long-term adaptation/phenotypic plasticity and 166 our results must be interpreted in that light. 169 Experimental manipulations were conducted in three transparent 64L plastic trial 170 tanks. All tanks underwent 100% water changes daily with fresh seawater collected from the 171 specimen collection sites. Aquarium filters (Eheim Pick Up) were installed in the holding 172 tanks to maintain water quality overnight, but were not included in trial tanks due to the short 173 time urchins were housed within them, and to ensure no external stimuli were present which 174 may have influenced urchin responses. Aquarium heaters (Aquael Easy Submersible 175 Aquarium Heater 150w) and digital thermometers (Aqua One ST-3 Electronic Thermometer) 176 were used to achieve and maintain the required water temperature in each trial tank. Having access to D. antillarum from both Utila and Banco Capiro also enabled us to 191 evaluate whether the effects of rising SST are likely to be universal, or affected by the 192 structural complexity of the population's site of origin. It is possible that temperature and site interact to affect PAB, which has major implications for D. antillarum restoration initiatives aiming to provide artificial reef structure to stimulate recovery. (to the nearest mg) and test diameter (to the nearest mm) using long-jaw callipers. These 201 measurements were recorded immediately after collection before individuals were placed in 202 the holding tank to avoid inducing stress immediately prior to the trials. The predation 203 avoidance behaviour (PAB) of each individual was then tested under each temperature 204 scenario. Individuals were acclimated to each temperature for at least 30 mins before trials 205 began, or until they had settled in a corner of the tank for a period of at least 10 minutes. This 206 was done to ensure that urchins were adjusted to the heat shock and were therefore 207 responding to the shadow stimulus and not the change in temperature.
Experimental setup and climate change scenarios
208
At the start of each trial a GoPro Hero 3 underwater video camera was placed in the 209 trial tank facing the urchin and set to record for the duration of the trial. Urchins were 210 initially exposed to ambient light conditions for 30s. A shadow was then created over the 211 urchin using an opaque wooden board to simulate the presence of a predator, and maintained 212 for 30s before returning the urchin to ambient light. This was repeated three times for each 213 urchin under each temperature scenario. The order in which individuals were exposed to the 214 different temperature treatments was randomised ahead of each trial.
Predator avoidance behaviour (PAB) was defined here as the percentage of an 218 individual's total spines that move in response to a shadow stimulus, and quantified visually.
219
Test diameter was measured in order to account for any confounding effect of body size on 220 PAB. Only the movements of the longest spines were counted because the main function of 221 these is known to be predatory defence whereas the shorter spines are used predominantly for 222 feeding and locomotion (Randall et al. 1964) .
223
Prior to their analysis, all 540 videos were renamed using RandomNames software.
224
The video analyst was therefore unaware of the site of origin and climate change scenario of 225 the urchin they were processing, thus removing any potential observer bias from the data. There was a significant negative relationship between PAB and urchin test diameter 260 for juveniles (F1 = 4.993, p = 0.027) but not for adults (F1 = 1.808, p = 0.18) ( Fig 5) ; 261 therefore, all subsequent analyses dealt with these two groups separately. Juvenile analysis 262 included test diameter as an independent variable while the analysis of adults did not.
263
Increasing water temperature caused a decline in PAB in both age categories of 264 urchins (Fig 6; Juveniles F2 = 4.86, p = 0.0091; Adults F2 = 15.37, p = 3.9 x 10 -7 ) and juvenile urchins had higher PAB than adults in all temperatures. Mean juvenile PAB declined 266 from 24.54% (SE = 1.28) at CSST to 21.1% (SE = 1.45) under RCP 4.5 and 15.19% (SE = 267 1.22) under RCP 8.5. Repeated measures ANOVA revealed that there was no difference in 268 PAB of juveniles between sites overall (F1 = 0.303, p = 0.58) but the data for RCP 8.5 269 suggested lower PAB at Utila than Banco Capiro (Fig 6) . Black-spined adult PAB declined 270 similarly to juveniles from 17.66% (SE = 0.76) at CSST to 15.09% (SE = 0.9) at RCP 4.5 to 271 10.80% (SE = 0.87) at RCP 8.5. The percentage declines in PAB from CSST to RCP 8.5 272 were proportionately similar: 38.1% for juveniles and 38.8% for black-spined adults.
273
Interestingly, PAB of juveniles under RCP 4.5 was still 21.33% higher than that of black-274 spined adults under CSST.
275
There was no evidence of between-site differences in PAB or its response to 276 temperature for black-spined adult urchins but the pattern differed for white-spined adults, 277 reflected by a significant interaction between phenotype and site (F1 = 8.96, p = 0.003).
278
White urchins from Banco Capiro (14.35 ±0.58%) displayed lower PAB than those from 279 Utila (19.50 ±1.34%), and mean white urchin PAB on Banco Capiro (14.35 ±0.58%) was 280 lower than that of their black counterparts (17.39 ±0.68%). However, the inverse was true on 281 Utila where mean white-spined adult D. antillarum PAB (19.50 ±1.34%) was higher than that 282 of the black population (17.93 ±0.84%). However, these differences were less apparent at 283 RCP 8.5 (Fig 6) . At CSST mean PAB of white-spined adults on Utila (19.50%, SE = 1.34) 284 was almost 36% higher than those on Banco Capiro (14.35%, SE = 0.58). This difference 285 was maintained at RCP 4.5 (15.49%, SE = 0.91, and 11.20%, SE = 0.47 respectively) but was 286 roughly halved at RCP 8.5 (11.44%, SE = 0.92, and 9.70%, SE = 0.49). See table 2 for 287 complete breakdown of results.
Discussion
290
Demographic influences on PAB
291
At CSST, mean juvenile PAB is 41.12% greater than black-spined adults on Banco 292 Capiro, and the higher PAB value is maintained even under moderate thermal stress (RCP 293 4.5). This is not surprising, as juvenile test diameters are typically smaller than the 40mm 294 predator escape threshold above which vulnerability is believed to decrease (Clemente et al. urchins are likely to be nutrient-limited and may therefore be unable to invest in 314 metabolically expensive melanin production. Whilst white-spined adults appear to be less 315 sensitive to predation stimuli, their overall vulnerability may be unaffected by this decreased 316 PAB ability because they favour shaded, and presumably more complex, habitats.
317
Conversely, juveniles develop black spines when reared in high-light environments 318 (Kristensen 1964), typically when individuals settle on more exposed areas rather than within 319 the complex coral framework. It is therefore likely that black-spined adult D. antillarum are 320 grazing algae from light exposed reefs that have greater energy availability per unit area 321 (Ogden and Lobel 1978) than their white-spined counterparts. Black-spined individuals may 322 therefore be able to invest more heavily in melanin production. This investment in their light-323 detecting sensory systems is further justified in black-spined adults because their more 324 exposed lifestyle leaves them vulnerable to predation.
325
For black-spined adults and juveniles the magnitude of PAB does not differ between 
Elevated SSTs and their implications for restoration
Across all combinations of site and phenotype, mean D. antillarum PAB was 339 negatively affected by increases in water temperature, with the greatest reductions under the 340 most extreme temperature trials (RCP 8.5 ). This suggests that D. antillarum is likely to 341 become increasingly vulnerable to predation as climate change progresses, especially if 342 'worst case' temperature models arise. Subsequent increased predation vulnerability will 343 further hinder population recovery from the 1983-84 mass mortality event, and potentially 344 hamper current conservation initiatives as seas warm. We find that, under RCP 8.5 345 conditions, D. antillarum PAB will be reduced by between 32.44% and 41.33% relative to 346 CSST. However, it is generally accepted that RCP 4.5 is a much more likely future 347 temperature scenario (Masui et al. 2011; Thomson et al. 2011 ). According to our results, 348 under RCP 4.5, smaller PAB decreases of between 14.55% and 21.95% will be seen; 349 although this still represents a significant loss of anti-predation capability in such a threatened 350 species.
351
Unfortunately, our results indicate that juvenile urchins will be similarly affected by 352 rising SST as black-spined adults. Given that juveniles are more vulnerable to predation due 353 to their small size below the predation threshold (Clemente et al. 2007; Jennings and Hunt 354 2010), it is likely that this decrease in PAB will translate into elevated mortality rates among 355 younger cohorts. Previous research has already identified maturation as the key life history 356 bottleneck to D. antillarum recovery (Williams et al. 2010 (Williams et al. & 2011 Bodmer et al. 2015) , 357 meaning any further reduction in juvenile survival will ultimately drive Allee effects and 358 eventual extinction. However, it is important to remember that this study has tested responses 359 to sudden and acute thermal stress, using similar approaches to much other ecophysiology 360 research, e.g. Eme and Bennett (2009), Eme et al. (2001) and Dabruzzi et al. (2012) , and thus 361 our results do not account for phenotypic plasticity associated with the D. antillarum melanin-regulatory system (Millott 1954) . This may serve to mitigate the negative effects of 363 rising SST on PAB, meaning this study represents a worst-case scenario and not the end of 364 the road for conservation efforts throughout the Caribbean.
365
It is also important to consider the temporal scale over which ocean warming will 366 actually occur. We show that under the long-term water temperatures predicted by RCP 4.5 367 (CSST +1.43°C), D. antillarum will likely be partially resilient with respect to the detection 368 of, and reaction to, predators. With long-term temperature increases under RCP 4.5 greater 369 than short-term increases under RCP 8.5 (CSST +0.83°C), we can assume that D. antillarum 370 will be resilient to near-term SST increases across the severity range. This suggests that, at 371 least until 2039, incremental ocean warming is unlikely to negatively impact the success of 372 D. antillarum restoration initiatives.
373
However, increases in the frequency and severity of El Niño anomalies means that 374 long-term warming is not the only thermal threat to be faced. In winter 2016, average 375 Caribbean SST was 0.5-1.5C higher than the 1981-2010 average (NOAA). Fortunately, our 376 focus on acute temperature increases, similar to those experienced during El Niño, indicate 377 that D. antillarum will be able to maintain PAB provided that sudden increases do not exceed 378 ~3C. In general, the severity of El Niño in the Caribbean is less than other global coral reef 379 hotspots, and this ~3C threshold falls outside the temperature anomalies previously 380 experienced in the region (NOAA).
381
It has been suggested that D. antillarum conservation efforts should focus on 382 reintroduction coupled with artificially augmented structural complexity (Bodmer et al. . Our results suggest that conservation interventions seeking to increase structural 384 complexity will reduce the reliance of D. antillarum on innate behavioural PAB, and increase 385 survivorship even in the face of worst-case scenario increases in SST. In essence, structural complexity may provide a buffer against the increased threat of predation caused by reduced 
